The Neotropical catfish family Callichthyidae is characterized by wide karyotype variation, although reports are restricted to a few species/populations. This work provides new chromosomal information in two populations of armored catfish (Callichthys callichthys) within the Atlantic forest boundaries in northeastern Brazil. Both populations of C. callichthys presented 2n = 54 (16 metacentric, 24 submetacentric, 6 subtelocentric, and 8 acrocentric chromosomes) with occurrence of a metacentric B macrochromosome, reported for the first time in ''2n = 54'' karyomorph. The lack of heterochromatin in the supernumerary chromosome suggests a recent origin of Bs with a significant difference in their frequency ( p < 0.05) between localities. Contrasting to the predominance of single nucleolus organizer regions (NORs) in other populations from South America, a remarkable polymorphism of 18S rDNA and GC-rich sites was detected, inasmuch as NOR phenotypes were unique for each individual, comprising up to 13 NOR-bearing chromosomes. The 5S rDNA was also mapped onto multiple chromosomes nonsyntenic to NORs. Such divergence in a number of NORs and occurrence of an euchromatic B chromosome in relation to other karyomorphs reinforces the divergent evolution of C. callichthys populations. Furthermore, these results also support central and drier Atlantic forest areas in northeastern Brazil as a biodiversity hotspot.
Introduction
T he family Callichthyidae is a monophyletic speciesrich group of freshwater armored catfishes widespread throughout South America, including 194 described species, most of them widely used in the aquarium trade. 1 This family is divided into two subfamilies: Corydoradinae (Aspidoras, Brochis, and Corydoras) and Callichthyinae (Callichthys, Dianema, Hoplosternum, Lepthoplosternum, and Megalechis). Callichthys is placed as the most basal clade of Callichthyidae, including 13 nominal species, although most populations of this genus have been cited as Callichthys callichthys. 2, 3 Although chromosomal data are available for only 51 representatives (about 26% of described species), Callichthyidae is a cytogenetically diverse fish family. For instance, the diploid number ranges from 40 to 134 in Corydoradinae, characterizing polyploidization events in some species. 4, 5 Even though the 2n range in Callichthyinae is narrower (2n = 52 to 2n = 66), 6 -8 a remarkable karyotype diversity is found in C. callichthys, once populations bearing 2n = 52 to 2n = 58 are reported (Table 1) . Such variation in a nominal species has been commonly observed in widespread tropical fishes, like Hoplias malabaricus and Gymnotus carapo, suggesting the occurrence of species complexes (very morphologically similar species with clear genetic differences and no intermediate forms). 9, 10 One of the most peculiar traits in cytogenetics of C. callichthys is the presence of one to eight B chromosomes per individual in several populations (Table 1) . B or supernumerary chromosomes are additional and nonessential genetic elements found in some individuals or populations of a species. Usually, these chromosomes have no clear effects on phenotypes and follow a non-Mendelian inheritance, evolving independently from the standard chromosomes (A complement). 11, 12 Besides numerical polymorphisms, these B chromosomes might also vary in size and morphology (metacentric, submetacentric, or microchromosomes). Whereas the origin of these additional elements is controversial, heterochromatinization seems to play a key role in the independent diversification of B chromosomes. 11, 13 Nonetheless, most cytogenetic reports in C. callichthys are based on conventional analyses and lack a detailed comparative approach. This is particularly true for isolated coastal rivers in South America. These poorly known areas include highly fragmented landscapes like the dry north-central portion of the Atlantic forest, 14 a hotspot that has probably represented a refugium during Pleistocene glaciations. 15, 16 Therefore, conventional and molecular cytogenetic analyses were performed in populations of C. callichthys to infer genome and chromosomal evolution in the armored catfish from drier areas of the central Atlantic forest, northeastern Brazil. In this work, we provide insights about the origin and evolution of the B chromosomes, described for the first time in karyomorphs with 2n = 54, and report a unique inter-and intraindividual diversification of ribosomal regions. The high divergence of studied populations when compared to other localities reinforces the existence of cryptic species and can be used to discuss the role of isolated river systems to biodiversity conservation.
Materials and Methods

Collection sites
Two populations of C. callichthys (Siluriformes, Callichthyidae) from the Contas River basin in the Bahia state ( Fig. 1) were sampled for this study, being nine specimens (three males, four females, and two juveniles) from the Pedras River, in the Jequié municipality (13°43¢39.7"S/39°05¢25.8"W) and 17 specimens (6 males, 5 females, and 6 juveniles) from a small temporary lake on the Santo Antonio farm, Jitaú na municipality (14°18¢57"S/39.5°23.2¢30.4"W). Both localities are about 65 km apart along a transition zone between the Atlantic forest and semiarid climate, within the boundaries of the putative refugium proposed by Carnaval and Moritz 17 and Carnaval et al. 15 Voucher specimens were deposited in the Ichthyologic collection of the Zoology Museum at Universidade de Sã o Paulo (MZUSP 95172).
Karyotyping and statistical analyses
Somatic metaphase cells were obtained by the air-drying technique using head kidney tissue in direct chromosome preparations. 18 Chromosomes were conventionally stained with 5% Giemsa diluted in a phosphate buffer (pH 6.8) and classified as metacentric (m), submetacentric (sm), subtelocentric (st), and acrocentric (a). The fundamental number (FN) was calculated taking into account that metacentric, submetacentric, and subtelocentric are biarmed and acrocentric chromosomes bear one arm.
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A total of 870 metaphases were analyzed, representing an approximate mean number of 33 cells per individual ( Table 2) . Based on the percentage of B chromosomes per individual within sampled localities, we performed a descriptive statistics analysis to calculate the mean, standard deviation and variation coefficient (VC) values. Variance analysis (ANOVA) was estimated using the software SAS v. 9.1.
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Chromosomal banding
The heterochromatin distribution was determined by C-banding followed by Giemsa staining. 21 The active nucleolar organizer regions (Ag-NORs) were identified by silver nitrate staining. 22 Fluorochrome staining using chromomycin A 3 (CMA 3 ) and 4¢-6-diamino-2-fenilindole (DAPI) was performed according to Schmid. 23 
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Fluorescence in situ hybridization
The fluorescence in situ hybridization (FISH) procedure was used to identify major 18S (NORs) and minor (5S) rDNA sites in the chromosomes of C. callichthys according to Pinkel et al. 24 under high stringency conditions (77%). A cloned 18S rDNA probe (1800 bp) from Prochilodus argenteus 25 was labeled with 16-dUTP-biotin (Roche). The hybridization mixture was composed of 1 lg of labeled DNA probe, 10 mg/mL dextran sulfate, 2xSSC, and 50% formamide to a final volume of 30 lL. After denaturation by heating, this mixture was dropped onto slides with previously denaturated chromosomes in 70% formamide/2xSSC. Hybridization was carried out overnight at 37°C in a dark moist chamber. The hybridization signal was detected using avidin-FITC (conjugated fluorescein isothiocyanateavidin; Sigma) and the chromosomes were counterstained with propidium iodide for locating major rDNA cistrons. Double-FISH was performed to map simultaneously major and minor rRNA genes. In this case, the 18S rDNA probe was labeled as abovementioned and the 5S rDNA probe (about 500 bp) derived from Leporinus elongatus 26 was labeled with digoxigenin-11-dUTP and detected with anti-digoxigeninRhodamine conjugate (Roche). Chromosomes were counterstained using the Vectashield Mounting Medium with DAPI (Vector).
All metaphases were analyzed in an Olympus BX51 epifluorescence microscope equipped with a high-resolution digital camera. The fluorescent-stained chromosomal images were digitalized and overlapped using the software ImagePro Plus Ò v. 6.2 (Media Cybernetics).
Results
All specimens of C. callichthys presented a modal diploid number of 2n = 54 divided into 16 metacentric, 24 submetacentric, 6 subtelocentric, and 8 acrocentric chromosomes (16m + 24sm + 6st + 8a), with a FN of arms equal to 100 (Fig.  2a) . No differences between sexes or localities were observed in the karyotype macrostructure. In addition, a large m supernumerary or B chromosome, similar to the first pair (Fig.  2a, detail) , was detected in all samples from the Pedras River and in 47.06% of individuals from the temporary lake. In the population from the Pedras River, this chromosome was observed in 14.4% of analyzed cells, ranging from 3.70% to 41.16% per individual. On the other hand, the B chromosome was found in just 6.1% of cells in the sample from the temporary lake, with an intraindividual variation from 0% to 36.84%. The ANOVA revealed a significant difference in the mean percentage of B chromosomes between both populations ( p = 0.035). A remarkable VC in Bs was also detected within the temporary lake (VC = 152.89) when compared to the Pedras River (VC = 87.82) ( Table 2) .
A small amount of heterochromatin was detected at centromeric regions in most chromosomes of C. callichthys from both sampled localities. The pairs 4, 11, and 21 also presented faint C bands at the terminal region on long arms, while one homologous of the second pair carried a terminal heterochromatic region on short arms. The B chromosome was entirely euchromatic in both populations (Fig. 2b) . A remarkable polymorphism in position, size, and number of Ag-NORs was detected. Surprisingly, each specimen from the Pedras River presented a unique NOR phenotype, comprising up to three NOR-bearing chromosomes per specimen and totaling 13 silver-stained chromosomes (Table 3 ; Fig. 3a) . Ag-NORs were also multiple and polymorphic in specimens from the temporary lake, but the interindividual variation was lower, with a maximum number of two active NORs per specimen, including up to 11 NOR-bearing chromosomes (Table 3 ; Fig. 3b ). Some NOR-bearing pairs were shared by individuals of both populations (pairs 9, 17, 25, and 27), while exclusive NOR patterns were identified within the Pedras River and temporary lake, respectively (Fig. 3) . No relationship between individuals with B chromosomes from both populations and NOR phenotypes was indicated.
Similar to the Ag-NOR technique, the base-specific fluorochrome staining also yielded a polymorphic pattern in both studied populations. In the Pedras River population, the number of chromosomes bearing GC-rich regions ranged from 2 to 6 per individual, totaling 16 chromosomes with CMA 3 + /DAPI signals. These include 1 metacentric chromosome with a conspicuous interstitial signal, 2 medium-sized nonhomologous metacentric chromosomes with terminal marks on short arms, 10 submetacentric chromosomes marked at the terminal position on long arms or short arms, 1 subtelocentric and an acrocentric pair with terminal GC-rich sites on short arms (Fig. 3a) .
One to five CMA 3 + /DAPI signals per individual were detected within the sample from the temporary lake, comprising 17 chromosomes in the population, as follows: 6 nonhomologous metacentric chromosomes with terminal GC-rich sites; 4 submetacentric chromosomes of distinct sizes with signals on long arms of the largest chromosome and on short arms of the remaining ones; 1 subtelocentric with marks on long arms and 6 acrocentric chromosomes (two pairs and two nonhomologous elements) bearing fluorescent signals on short arms. The pair 25 also presented a size heteromorphism between homologous, as described by silver nitrate staining (Fig. 3b) .
The 18S rDNA FISH evidenced 13 chromosomes bearing major rDNA sites in the population from the Pedras River, comprising up to 5 NOR-bearing chromosomes per specimen (Fig. 3a) . Again, interindividual variation was reported involving both differential location and chromosomal types. Most of Ag-NORs and 18S rDNA marks in this population were located on sm chromosomes being, usually, coincident with GC-rich signals. Nonetheless, some chromosomes bearing CMA 3 + regions, but lacking rDNA sites were observed. Pairs 9 and 16 were characterized by a size heteromorphism of 
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18S rDNA sites between homologous although in the latter, the heteromorphic character was more visible after silver nitrate staining (Fig. 3a) .
In the population from the temporary lake, FISH with 18S rDNA probes confirmed the Ag-NORs, besides identifying additional rDNA clusters. Thus, multiple major rDNA sites were observed at both terminal and interstitial positions on either short or long arms of two to seven chromosomes per individual. A total of 15 NOR-bearing chromosomes were identified by FISH in this population. The size heteromorphism in pair 25 detected by silver nitrate and CMA 3 staining was also detected, although less evident, by FISH (Fig. 3b) . Double-FISH using major and minor rDNA probes was successful in metaphases of specimens from the temporary lake, revealing the nonsynteny between 18S and 5S rDNA sites, representing the first description of rRNA genes by FISH in C. callichthys. The number of 5S rDNA-bearing chromosomes per metaphase in each analyzed specimen ranged from 8 to 12, with interstitial and/or terminal signals on short arms (Fig. 4) .
Discussion
Karyotype macrostructure and heterochromatin
Numerical and structural chromosomal variations have been reported in the armored catfish C. callichthys either within or among South American hydrographic systems (Table 1) . Whereas some diploid numbers seem to be restricted to a single basin, others are shared over great geographical distances, such as 2n = 54, reported in this study and in Amazon rivers. In spite of this similarity, specimens of C. callichthys from the Contas River basin are distinguished from Amazon populations by their karyotype formulae and the absence of a differentiated sex chromosome system. 7 Moreover, considering that the putative basal karyotype of Siluriformes is mainly composed of m/sm chromosomes, 27 the ''2n = 54'' karyomorph from the Contas River basin, with several st-a chromosomes, indicate a high incidence of pericentric inversions during the karyoevolutionary pathway of this karyomorph, as commonly reported in other populations.
The studied populations are also differentiated by the presence of a supernumerary macrochromosome, similar to the first metacentric pair. Indeed, B chromosomes have been reported in other karyomorphs of armored catfish (2n = 52, 56, and 58) ( Table 1) B chromosome suggest it is an isochromosome derived from the standard karyotype, as previously hypothesized in other fish species. 28 However, other techniques (e.g., analysis of synaptonemal complex) should be performed to confirm the isochromosome origin of Bs in C. callichthys.
Heterochromatin analyses are particularly relevant to understand the evolution of B chromosomes, but C-banding data are available only for two populations of C. callichthys.
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Besides detecting heterochromatic B microchromosomes in a population from Southeastern Brazil, these authors observed a conspicuous C band on a supernumerary macrochromosome in samples from Central Brazil (2n = 56). Although this chromosome was similar in size and morphology to that reported in this study, the B chromosomes in specimens from the Contas River basin are completely euchromatic inasmuch as the C bands were restricted to centromeres and terminal regions of standard chromosomes.
It has been proposed that the evolution of supernumerary chromosomes usually involves the accumulation of repetitive DNA, gene silencing, and fast heterochromatinization, which represent the basal mechanisms of differentiation in B chromosomes. 13 Thus, euchromatic supernumerary chromosomes, as observed in this study, should have a more recent origin in relation to heterochromatic B chromosomes reported in C. callichthys.
Furthermore, the significant differential frequency of B chromosomes ( p < 0.05) with high VC (VC = 152.89) in the population from the temporary lake supports either (1) a disadvantage of carrying B chromosomes or (2) drift effects in a putatively inbred population. According to the first hypothesis, selective pressure could be higher against specimens bearing supernumerary chromosomes in the less suitable habitat of a temporary lake since this is a shallow and hypoxic disturbed area surrounded by pastures and susceptible to seasonal droughts. This suggestion is reinforced by the common presence of adult individuals without supernumerary chromosomes in this lake and no apparent accumulation of B chromosomes.
On the other hand, these B chromosomes could be neutral and decreased in this small population by random events related to genetic drift. The lack of association between the B frequency and sex ratio also reinforces its neutral role, differently from recent studies of supernumerary chromosomes affecting sex determination in African cichlids. 29 Alternatively, the differential frequency of B chromosomes in studied C. callichthys populations might be a combination of both factors if these B chromosomes are near neutral, as commonly proposed for recently evolved extra chromosomes. 30 
Variation of ribosomal genes
An intriguing polymorphism of NORs was detected in the studied populations of C. callichthys, as revealed by Ag-NOR, CMA 3 staining, and FISH with 18S rDNA probes. In fact, NOR phenotypes were unique for each individual and population, including variations in number, position, and/or size heteromorphism.
Apart from the apparent ubiquity of size NOR heteromorphism, these results contrast with the predominance of single rDNA cistrons in C. callichthys (Table 1 ). In addition to the specimens herein analyzed, the only case of multiple NORs was observed in samples from the Amazon basin, 7 which suggests an association between karyomorphs with 2n = 54 and multiple NOR systems. Again, this feature places the populations from the Contas River basin as a derived group of armored catfish once single NORs are a plesiomorphic feature in fish. 27 This suggestion is supported by the significantly higher number of multiple NORs of analyzed populations (up to 13 chromosomes) when compared to other studies (Table 1) .
Moreover, FISH with 18S rDNA has also allowed identifying inactive rDNA regions and heterozygous NOR-bearing pairs. Several mechanisms have been inferred to explain this peculiar NOR behavior, such as (1) ectopic recombination or transposition, 31, 32 (2) amplification of minor rDNA loci, 33 (3) reinsertion of extrachromosomal rDNA amplified during oogenesis, 34 and (4) reduced number of rDNA copies in some loci, masking the location of some rRNA gene sets. 35 Likewise, the presence of several nonhomologous CMA 3 signals is likely to reflect the reduced size of GC-rich sites in specific chromosomes, hindering their detection. It should be pointed out that some CMA 3 + /DAPI -signals proved to be unrelated to rDNA clusters. Indeed, while most fish species present GC-rich segments interspersed with NORs, there are a number of cases in which this correlation fails. 36 Another remarkable example of NOR polymorphism in fish is reported in the brown trout (Salmo trutta), a widely studied species. 37, 38 According to Castro et al., 37 this unstable distribution could represent transition evolutionary steps toward a novel NOR pattern. On the other hand, Martinez et al. 38 based on cytogenetic and molecular data, suggested that a secondary contact between divergent lines could account for their accentuated NOR variability. Similar hypotheses might be inferred to explain the peculiar NOR phenotypes in C. callichthys from the Contas River basin, but the lack of detailed biogeographic information of neotropical fish from most of the coastal basins in South America constrains more definite conclusions.
In Siluriformes, the distribution of 5S rRNA genes usually involves a single chromosomal pair. 39 Few examples of species presenting multiple 5S rDNA cistrons (often located in two pairs) are available in this order, such as the callichthyid Hoplosternum littorale. 40, 41 Multiple 5S rDNA sites were also detected in C. callichthys from this study, although involving a higher and variable number of marked chromosomes (eight to 12). On the other hand, the nonsyntenic distribution of 5S and 18S rDNA (NORs) in the studied species has been commonly reported in fish. 42 However, whether such abundance of 5S rDNA sites represents an evolutionary trend in Callichthyidae or not remains an open question once data about FISH mapping of ribosomal genes in this family are scarce 41 and present study.
Final Remarks
The less accentuated genome variation in specimens from the temporary lake than in the Pedras River sample probably reflects higher inbreeding and genetic drift effects associated with environmental traits of each habitat, such as reduced area and ephemeral nature of the former. Putatively, selective pressure in this extreme environment might also affect the variability levels in this population when compared to the Pedras River, a fast-flowing stream within a relatively intact forest portion, as shown by the differential frequency of B chromosomes.
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Independently on the cause(s), the identification of novel B chromosomes and intense rDNA polymorphisms in the studied populations of C. callichthys brings out an interesting debate once they are located within the western boundary between the central Atlantic forest and semiarid climate. This Atlantic forest region had probably served as a large refugium for neotropical species in late Pleistocene. 14, 15 Analogously, the unique chromosomal variability herein reported in relation to other populations of C. callichthys reinforces the importance of this region as priority areas for conservation and sustainable development.
Finally, the widespread armored catfish provides a good model for comparative cytogenetic analyses, once it allows testing the role of geographical barriers on genome evolution and speciation. The confusing taxonomy and wide distribution of C. callichthys coupled with such remarkable chromosomal variation, including several karyomorphs and no intermediary or hybrid forms, strongly suggest the occurrence of a species complex that requires a detailed revision. In this sense, experimental crosses and offspring analysis of distinct karyomorphs in experimental tanks associated with sequencing of nuclear and mitochondrial DNA sequences could be informative to test their degree of reproductive isolation.
